We developed a geospatial model that calculates ambient high-frequency electromagnetic field (HF-EMF) strengths of stationary transmission installations such as mobile phone base stations and broadcast transmitters with high spatial resolution in the order of 1 m. The model considers the location and transmission patterns of the transmitters, the three-dimensional topography, and shielding effects by buildings. The aim of the present study was to assess the suitability of the model for exposure monitoring and for epidemiological research. We modeled time-averaged HF-EMF strengths for an urban area in the city of Basel as well as for a rural area (Bubendorf). To compare modeling with measurements, we selected 20 outdoor measurement sites in Basel and 18 sites in Bubendorf. We calculated Pearson's correlation coefficients between modeling and measurements. Chance-corrected agreement was evaluated by weighted Cohen's k statistics for three exposure categories. Correlation between measurements and modeling of the total HF-EMF strength was 0.67 (95% confidence interval (CI): 0.33-0.86) in the city of Basel and 0.77 (95% CI: 0.46-0.91) in the rural area. In both regions, k coefficients between measurements and modeling were 0.63 and 0.77 for the total HF-EMF strengths and for all mobile phone frequency bands. First evaluation of our geospatial model yielded substantial agreement between modeling and measurements. However, before the model can be applied for future epidemiologic research, additional validation studies focusing on indoor values are needed to improve model validity.
Introduction
There is concern regarding possible health effects of exposure to common sources of high-frequency electromagnetic fields (HF-EMF), for example, from the exposure to mobile phones, mobile phone base stations and from other wireless technologies at home or at the workplace (Seitz et al., 2005) . Several epidemiological studies addressed potential health risks of emissions from mobile phones and evaluated exposure assessment methods in that context (e.g. Parslow et al., 2003; Samkange-Zeeb et al., 2004; Berg et al., 2005; Vrijheid et al., 2006) . In contrast, the realization of epidemiological studies on potential health risk from ambient HF-EMF has been hampered by the lack of a methodologically sound exposure assessment method for ambient HF-EMF, for example originating from mobile phone base stations and broadcast transmitters (Schu¨z and Mann, 2000) . In the meantime, newly developed personal exposure meters (exposimeters) have become available. They allow more convenient HF-EMF measurements and are expected to be useful in epidemiological studies (Radon et al., 2006; Neubauer et al., 2007) . However, personal measurements to assess long-term exposure in larger study populations are expensive. Thus, there is a need for validated exposure assessment methods that do not require individual measurements for each study participant.
In principle, modeling may allow cost-effective quantification of HF-EMF exposure in large population samples. Predictions of the electromagnetic fields of transmitters are common for mobile phone network planning (e.g. Geng and Wiesbeck, 1998; Cichon and Ku¨rner, 1999; ITU-R, 2003a) and for radio and television transmitters (ITU-R, 2003b , review in Bornkessel et al., 2006 . However, to our knowledge, no geospatial model has been applied for epidemiological exposure assessment so far, with the exception of a model by Lehmann et al. (2004) which is, however, not fully three dimensional and does not take buildings into account. We developed a geospatial model which allows the estimation of ambient HF-EMF strengths with high spatial resolution (typically 5 m for maps, 1 m or less for individual points) by integrating the location and transmission patterns of different fixed radiation sources (mobile phone base stations, TV and FM radio transmitters, paging services) with the threedimensional topography, taking into account shielding effects by buildings. The aim of the present study was to assess the suitability of the model for exposure monitoring and to evaluate the eligibility of the model for exposure assessment in epidemiological studies.
Methods

Description of the Model
Our model for ambient HF-EMF is an extension of the NISMap model (Bu¨rgi, 2005) . NISMap is a simulation software that calculates HF-EMF in three dimensions taking into account the relevant topography, building geometry, and transmitter specifications. Whereas the basic NISMap software was designed to detect the highest possible field strengths in the vicinity of a single base station under worst-case conditions in the context of standards compliance testing, the model enhancements described in this work aimed at calculation of the real exposure. Our model now allows the calculation of extended regions taking into account the emission of many transmitter stations both inside and outside the model region, and to model the actual average ambient field strength instead of the worst-case values. Model output is either represented as a map or as tables of coordinates and field levels for the frequency bands of interest.
In our study, we included mobile phone base stations as well as broadcast transmitters, and focused on the following frequency bands: GSM900 (Global System for Mobile Communication), GSM1800, UMTS (Universal Mobile Telecommunications System), FM (frequency modulated) radio, DAB (Digital Audio Broadcasting) and TV (television).
Calculation Methods
The propagation was calculated with semi-empirical algorithms. We evaluated a number of potentially suitable algorithms: The simplest such algorithm is free-space propagation, which, however, leads to an overestimation of the fields at large distances from the transmitter. More elaborate algorithms are a ''double power-law with breakpoint'', derived according to general principles indicated in ITU-R P.1411 (ITU-R, 2003a) , the algorithm of COSTWalfisch-Ikegami (COST-WI; Cichon and Ku¨rner, 1999) developed for prediction calculations of mobile phone base stations, and ITU-R P.1546 (ITU-R, 2003b), developed mainly for large broadcast transmission towers. Since the semi-empirical algorithms have limited validity in frequency and distance range, we combined these algorithms in our model according to the frequency and distance of interest. Mobile phone base stations were modeled with COST-WI, and broadcast stations with ITU-R P.1546. Each of the algorithms distinguishes between line-of-sight (LOS) and non-line-of-sight (NLOS) conditions. The model also allows for multiple knife-edge diffraction over terrain obstacles, where this is not already included in the semi-empirical formulation. For buildings, both the attenuated direct propagation path and the diffracted path over the rooftops are calculated (NLOS). Reflected rays are not taken into account in this semi-empirical approach, except for COST-WI, where an empirical reflection contribution is included in the equations for NLOS conditions. For attenuation by walls, roofs and objects in the interior of buildings, individual building parameters can be fed to the model.
Input Data
Topographical data were obtained from the Swiss digital terrain model (DTM25). Building geometry for the urban model region was available from the three-dimensional city model of Basel. For the rural region, the buildings were approximated using digital maps together with proxy data for the building height, that is, the number of floors.
In the present work we used empirical average damping coefficients (adapted from Berg, 1999) , as we had no detailed parameters of individual buildings. Generally, for walls and roofs a surface-damping coefficient of 4 dB was used. In Basel, the three-dimensional city model allowed us to distinguish between flat and inclined roofs. Thus, for flat roofs a damping coefficient of 10 dB was applied and for inclined roofs 4 dB. In addition, a volume-damping coefficient of 0.6 dB/m path length inside the building was applied in both models.
The most important information for calculating the HF-EMF strengths are detailed transmitter specifications. These include position of the transmitter, antenna radiation pattern, frequency, total transmitter power, and (for GSM) number of channels per transmitter. Empirical correction factors (from Lehmann et al., 2004) were used to derive average power output as a function of total maximum transmitter power. The input data of transmitting stations were extracted from a complete data set on mobile phone base stations and broadcast transmitters compiled by the Air Quality Agency, Basel, for regulatory purposes. Table 1 gives an overview about all the variables and input parameter of the model. While many of the parameters in Table 1 are known to sufficient precision, others are only crudely known. The largest uncertainties, however, may be expected to originate not in the numerical precision of any given parameter, but in the simplifications of the model, that is, the neglect of reflections and multipath propagation, and the imprecision of the building model. The largest single source of uncertainty is most certainly the use of ''average'' building damping parameters for all buildings. Although the model would be able to handle damping parameters on a ''perbuilding'' basis, the task of accumulating the necessary data for an extended region is extremely extensive.
For the calculation of the Basel area we used the transmitter powers available for January 1, 2005, whereas measurements were taken 2.5 months later. We expected this time lag did not result in relevant differences of transmitted power except for UMTS, because during the first months in 2005 many new UMTS stations were put into (test-) operation. In Bubendorf the time lag between model and measurements in the second half of 2005 was 2 weeks and did not cause any uncertainties.
Comparison of Modeled Values with Measurements
We selected two different areas to test our model: first an urban area in the city center of Basel and second a rural area in Bubendorf, about 16 km away from Basel. For model evaluation we selected 20 outdoor measurement sites in Basel and 18 measurement sites in Bubendorf. These sites were chosen such as to obtain field intensity values representing the whole range of spatial variability of the ambient field. Measurement sites are plotted in Figures 1 and 2 (black crosses). In Basel one spot measurement per site was performed on March 16, 2005 between 1345 and 1515 hours. In Bubendorf, up to three measurements per site were taken at different times of the day from November 8 to 14, 2005. All measurements were carried out outdoor as spot measurements at about 1.5 m above ground.
The electric field strength was measured with a hand-held NARDA SRM-3000 radiation meter with an isotropic antenna, using a root-mean-square (RMS) detector. The automatic measurement process consisted of a spectrum analysis followed by an integration of the results over the frequency bands of interest, with the radiation meter set in the averaging mode. The calibration of the radiation meter and antenna has been done by the manufacturer. The combined standard instrument uncertainty was estimated to be 16% at maximum (in the frequency range of 900-1200 MHz) using manufacturer's and calibration data. Assuming an uncertainty owing to the influence of the operator of 15%, as recommended in the Swiss regulations (BUWAL/METAS, 2002) the total standard uncertainty amounts to 22%, corresponding to an expanded uncertainty of 44% (using a 95% confidence interval (CI)).
Since the measurements were integrated over the frequency bands corresponding to the various transmission services, some contribution was always produced by instrument noise even when no signal was present. The instrument's noise level was determined in an anechoic chamber for each of the measured frequency bands and these noise values were then subtracted from the measurements before comparing with the calculations.
We calculated Pearson's correlation coefficients to compare measured and modeled values. In addition, 
Results
Modeling
The modeling results for the urban area in Basel are shown in Figure 1 . The field was calculated at the level of the highest floor inside of buildings, and at a height of 1.5 m outside. The maximum electric field strength was about 1.5 V/m. The dominant contribution originated from mobile phone base stations.
For the rural region (Figure 2) , where a village is situated in a valley surrounded by hills, the dominant contributors in the valley were nearby mobile phone base stations and on the surrounding hills a broadcast transmitter (FM radio, television) situated several kilometers to the north. The fields were considerably lower in the rural region, where the highest values were about 0.5 V/m.
Comparison Between Modeling and Measurements
The comparison between model and measurements for Basel is shown in Figure 3 . For FM radio, TV and DAB the measured values were very low. The values for DAB were even mostly off the scale of this figure. Measured UMTS levels were mostly above the modeled values due to disagreement between the model input data and the actually transmitted power at the day of measurements. The modeled total field strengths (i.e. integrated over all relevant frequency bands) were within a factor of 2 for 60% of the measurements values, and within a factor of 4 for 95% of the measurements. In tendency measured values were somewhat higher than computed values. In Basel correlations between modeled and measured values were above 0.5 for all frequency bands except DAB (Table 2) . k-Values were between 0.66 and 0.77 for the total field and the GSM bands. k-Values for FM radio, TV and DAB were lower owing to the small field levels.
Comparison of measurements and modeling in the rural area Bubendorf yielded similar results as in Basel, although the field levels were lower on average (Figure 4) . The modeled total field strengths were within a factor of 2 for 77% of the measurements, and within a factor of 4 for 100% of the measurements. Correlation coefficients for all frequency bands were between 0.61 and 0.86. k-Values were between 0.63 and 0.75 for the total field and the mobile phone frequency bands (Table 3) . In contrast to Basel, measurements and modeling of UMTS were in good agreement in Bubendorf, because model input data and actually transmitted power were similar.
Evaluation of Calculation Algorithm
We also calculated both model areas with algorithms using the double power law with break point. Their performance with respect to the measurements was comparable to that of the combination of COST-WI/ITU-1546, in some cases it was even better. For FM radio, however, the double power law leads to a large underestimate and in its present form is The average of the measurements and modeling for the electric field strength (including standard error), Pearson's correlation coefficients (including 95% confidence interval), agreement between exposure tertiles and k-coefficients (including 95% confidence interval) of the tertile exposure classification are shown.
clearly inferior to the ITU method. Another algorithm, ITU-1411, in its specific form analogous to COST-WI, could be shown to produce a large underestimate of the field under NLOS conditions.
Discussion
We developed a three-dimensional geospatial model, which allows to calculate ambient HF-EMFs from fixed site transmitters with a spatial resolution of typically 1 m, considering topography, building geometry and transmitter specifications. Comparisons between modeling and measurements showed substantial agreement in an urban and in a rural area.
Ambient electromagnetic field strengths can be determined either by measurements or by modeling. Both methods have their relative strengths and their limitations. When combining measurements and modeling, measurements can be used to test the validity of the computational models, to assess the magnitude of their errors and to refine the model parameters. On the other hand, a model can put a measurement point in relation to its environment and show if there are any ''hot spots'' that the measurements might have missed. Identification of ''hot spots'' is useful in the context of standards compliance or when exposure contrasts are supposed to be identified.
Several aspects affect the comparison between measurements and models. Owing to multipath propagation, the field may have a spatial fading pattern, that is, field maxima and minima separated by fractions of a wavelength only. Although the propagation algorithms take into account fading owing to multipath propagation to some extent, they cannot reproduce the interference pattern. The calculated values are therefore always local averages. In contrast, the measurements may be at a local maximum, minimum, or somewhere in between. In addition, the calculated values are daily averages, while the measured values represent a timevarying signal. Both these effects lead to increased scatter in the comparison of model and measurements.
The subtraction of the noise (accumulated over wide frequency bands) from the signal (typically accumulated over small parts of the frequency bands) is a simplified procedure. While it is clearly able to remove a systematic bias in values near the noise level, it leads to a high relative uncertainty of these small values after noise subtraction. However, our analysis is little affected by uncertainties in small values.
Our measurements were carried out at a height of 1.5 m. Most recent measurement recommendations propose to measure personal exposure at different heights, for example, 1.3, 1.5 and 1.7 m (prEN 50492, 2006) . We believe that a measurement at 1.5 m yields a rough exposure proxy, which is suitable for most of the epidemiological applications. Nevertheless, matrix or multiple measurements are expected to result in a more robust and repeatable value for the wholebody exposure but are more time-consuming.
Agreement between modeling and measurements was similar in both the urban and the rural region. Nevertheless, we identified a number of factors, which are expected to have influenced the comparison between measurements and modeling in a different way in the urban and the rural area.
First, higher field strengths are expected to result in better agreement between models and measurements. Highest field strengths exist usually close to transmitters under LOS conditions, which are easier to compute compared to NLOS conditions, which include uncertainties owing to the modeling of damping and diffraction from buildings. Additionally, at low field strengths measurements are close to the noise level and are less accurate on a relative scale.
Second, no data were available for transmitters outside Switzerland. This may lead to an underestimate of the calculated field in places close to the French or German borders. Basel is relatively close to the border and emission from transmitters abroad, not included in the model, may have some impact on the measurements. We expect little impact on the measurements of the mobile phone frequency bands owing to the small network cells. However, the vertical alignment of TV measurements in Figure 1 at a level of 0.022 V/m is considered to be the consequence of an abroad broadcast transmitter in Mulhouse (France). Nevertheless, transmitters from abroad may not explain completely the observed tendency of lower modeled values compared to the measurements in Basel.
Third, in Bubendorf, more than one measurement has been performed per site in most of the cases, which is expected to yield more representative measurement results.
Fourth, presence of obstacles (e.g. buildings) has a major impact on the HF-EMF field at a given site. In the model, multiple knife-edge diffraction over terrain obstacles and damping through buildings were taken into account with established semi-empirical algorithms such as COSTWalfisch-Ikegami (COST-WI; Cichon and Ku¨rner, 1999) developed for prediction calculations of mobile communication base stations, and ITU-R P.1546 (ITU-R, 2003b), developed mainly for large broadcast transmission towers. The accurateness of the building geometry data is crucial for the modeling result. A single building with overestimated height can (erroneously) block the LOS to a given measurement site resulting in substantial underestimation of the true HF-EMF. Building data in Basel were obtained from the three-dimensional city model and are more accurate than in Bubendorf, where the height of the buildings had to be estimated.
Buildings are important in our model in several respects: They act as obstacles to the propagation of waves, but they also are locations where people stay most of their time. When individuals stay at upper floors their exposure may be larger than at ground level. In our maps we showed values for the topmost floor of each building. However, our comparison was restricted to outdoor measurements 1.5 m above ground level. Future model validation studies will also take into account indoor measurements and evaluate how accurately the attenuation by buildings can be modeled. We expect that the errors for indoor modeling are larger than for outdoor modeling. Additional uncertainties are introduced from indoor sources such as cordless phone base stations, wireless LAN access points or transmitters worn close to the body such as mobile phones. Currently, little is known about the contribution of such sources to the total population exposure (Neubauer et al., 2007) . If such sources are important, they should be taken into account in an epidemiological exposure assessment. However, this cannot be done with our geospatial model. A possible approach would be to determine their contributions by means of measurement campaigns.
The first evaluation of our ambient HF-EMF model yielded substantial agreement between measurements and modeling. Ideally, this model may be used in future epidemiological studies to cost-effectively estimate ambient HF-EMF exposure in a large population sample. However, additional validation studies focusing on indoor values are needed to resolve model validity and the impact of indoor sources to the total exposure. Further, generalizability of the model should be investigated by modeling additional areas.
